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ABSTRACT
Aeolian-erosion is a destructive process which can erode small-size planetary objects
through their interaction with a gaseous environment. Aeolian-erosion operates in a
wide range of environments and under various conditions. Aeolian-erosion has been
extensively explored in the context of geophysics in terrestrial planets. Here we show
that aeolian-erosion of cobbles, boulders and small planetesimals in protoplanetary-
discs can constitute a significant barrier for the early stages of planet formation. We use
analytic calculations to show that under the conditions prevailing in protoplanetary-
discs small bodies (10 − 104m) are highly susceptible to gas-drag aeolian-erosion. At
this size-range aeolian-erosion can efficiently erode the planetesimals down to tens-cm
size and quench any further growth of such small bodies. It thereby raises potential
difficulties for channels suggested to alleviate the metre-size barrier. Nevertheless, the
population of ∼decimetre-size cobbles resulting from aeolian-erosion might boost the
growth of larger (>km size) planetesimals and planetary embryos through increas-
ing the efficiency of pebble-accretion, once/if such large planetesimals and planetary
embryos exist in the disc.
Key words: comets: general – minor planets, asteroids: general – planets and satel-
lites: formation
1 INTRODUCTION
The growth of dust aggregates and sub-cm size pebbles in
protoplanetary-discs can be understood theoretically and ex-
perimentally (Wurm & Blum 1998). The growth of km-size
objects or larger planetary embryos to fully formed planets
could also be efficient, and possibly proceed through mech-
anisms such as a pebble-accretion (Ormel & Klahr 2010;
Perets & Murray-Clay 2011; Lambrechts & Johansen 2012).
However, the growth of pebbles, cobbles (up to 25cm) and
boulders in the intermediate regime from ∼cm to metre up to
km-size planetesimals is not well understood. Several physi-
cal processes potentially quench planetesimal growth in this
size range. These growth-barriers include fast radial-drift
onto the host star of (typically) cm-metre-size bodies at few-
AU scales (Adachi et al. 1976; Weidenschilling 1977), and
inefficient growth of dust-aggregates, pebbles, cobbles and
boulders due to collisional fragmentation and erosion (Blum
& Wurm 2000; Brauer et al. 2008; Birnstiel et al. 2010; Gu¨t-
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tler et al. 2010; Krijt et al. 2015), leading to the so-called
metre-size barrier.
Several solutions to the metre-size barrier had been pro-
posed, including particle trapping eddies, (Klahr & Hen-
ning 1997), instabilities in turbulent discs near the snow-
line (Brauer et al. 2008), and collisional growth (Windmark
et al. 2012). Recently, Grishin et al. (2019) have suggested
that planetesimals can be exchanged and captured between
protoplanetary-discs, some of them already on ∼km-size
scale. Only a tiny fraction of protoplanetary-discs are re-
quired to form planetesimals in-situ in order to ”seed” the
entire birth cluster with planetesimals. Thus, the formation
of the first planetesimals can be an exponentially rare event,
consistent with the various fine-tuned models for planetesi-
mal formation. Pfalzner & Bannister (2019) had suggested
to take the seeding model one step further and start with
a population of planetesimals already at the stage of star
formation and collapse of giant molecular clouds.
The streaming instability (Youdin & Goodman 2005;
Johansen & Youdin 2007), where the coupled dust-gas evo-
lution clumps dust at localized regions and eventually leads
to direct gravitational collapse, is a promising route to plan-
etesimal formation, although it requires fine tuned condi-
tions, such as large initial metallicity (see recent review by
© 2019 The Authors
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Blum (2018), and references therein). Yang et al. (2017)
showed that a slightly above Solar metallicity of only Z ≈
0.03 is required for streaming instablity for optimal range
Stokes numbers St ∼ 0.1. However, recently Krapp et al.
(2019) showed that some range of a mass distribution of par-
ticles slows down the growth of unstable modes, and does
not converge with the number of species sampled, thus poses
severe limitations for the onset of streaming instability.
Here we identify an additional, erosion-induced barrier
for planetesimal growth. This physical process efficiently
erodes bodies in the size range of 1m−1km metre embedded
in the gaseous protoplanetary-disc (depends on the param-
eters of the disc and of the object). The erosion-induced
barrier effectively makes the meter-sized barrier into ∼ 100
metre size barrier, thereby challenges the collisional growth
models and support the direct collapse models into km-sized
planetesimals, such as the streaming instability. Aeolian-
erosion in protoplanetary-discs, currently not included in
dust and planetary standard growth models, significantly af-
fects the evolution and growth of sub-km bodies embedded
in the discs and their size distribution.
Aeolian-erosion is a completely mechanical process, dis-
cussed usually in the context of dunes of terrestial planets
(Bagnold 1941; Kruss et al. 2019), but also was discussed
in the context of objects in protoplanetary-discs, from an
experimental point of view (Paraskov et al. 2006; Schra¨pler
& Blum 2011). There are three main types of erosion: sus-
pension, saltation and creeping. Suspension describes the
process of wind that swipes particles, and takes them away
from the surface; saltation describes heavier particles that
are lifted and then their fallback induces an avalanche of
small particles that swiped from the surface; creeping is a
rolling of particles that are too heavy to be lifted on the sur-
face; see a detailed discussion in Shao (2008). The main ero-
sion type in protoplanetary-discs is suspension, since salta-
tion requires significant self-gravity and creeping involves
relatively massive grains (Paraskov et al. 2006).
Here we study aeolian-erosion in protoplanetary-discs
and show that it may have far-reaching implications for
planet formation. It gives rise to significant mass loss from
cobbles and boulders rock-size bodies, up to the level of
quenching their growth and critically grinding them down
to decimetre-size cobbles. In the following, we analyze the
effects of aeolian-erosion in discs on such small-sized objects,
and explore the symbiotic relations between aeolian-erosion
and other dominant physical processes that take place in
discs.
The paper is organized as follows: In section §2 we
introduce the settings and the phenomena of aeolian-
erosion in protoplanetary-discs. We discuss the character-
istic timescales of aeolian-erosion and dynamical evolution.
In section §3 we discuss the symbiotic relations between
aeolian-erosion and other dominant physical processes that
take place in discs. Finally, in section §5 we summarize our
results and discuss future implications.
2 GAS DRAG AND AEOLIAN-EROSION IN
PROTOPLANETARY-DISCS
2.1 Drag Laws
Objects in gaseous protoplanetary-disc with density ρg ex-
perience aerodynamic drag force, expressed by the drag law
FD =
1
2
CD(Re)piR2ρgv2rel vˆrel, (1)
where R is the radius of the object and vrel is the object’s ve-
locity relative to the gas. The drag coefficient, CD , depends
on the geometry of the particle and the relative velocity. For
spherical bodies, the drag coefficient depends only on the
Reynolds number Re.
The motion of an object in gaseous disc can be deter-
mined by the relative velocity vrel, the particle size R, and
the distance to the star. Due to radial pressure gradient in
the disc, gas in the disc revolves in sub-Keplerian velocities,
vgas−vk ≈ ηvk where vgas is the azimuthal velocity of the gas,
vk is the Keplerian velocity, and η ∼ (cs/vk )2 is the small cor-
rection due to pressure gradients and cs is the speed of sound
(Perets & Murray-Clay 2011, see Table A1 for exact expres-
sions). Very small objects strongly coupled to the gas and
move with it, while very large objects are little affected by
the gas. In the intermediate regime cobbles/boulders orbit-
ing at sub-Keplerian velocities experience ’headwind’ from
the gas in the disc slowing them down. Such objects could
therefore lose angular momentum and inspiral to the inner
parts of the disc (Weidenschilling 1977). Using polar coordi-
nates, the components of the relative-velocity between the
object and gas are given by (e.g. Perets & Murray-Clay 2011)
vrel,r = −
2ηvkSt
1 + St2
, vrel,φ = −ηvk
(
1
1 + St2
− 1
)
, (2)
where the Stokes number is defined by
St = Ωtstop; tstop =
mvrel
FD
, (3)
where Ω is the angular Keplerian velocity. FD is the drag
force (see Equation 1). For the drag coefficient, we adopted
the fitting used in Perets & Murray-Clay (2011)
CD(Re) = 24Re (1 + 0.27Re)
0.43 + 0.47
[
1 − exp
(
−0.04Re0.38
)]
(4)
The fitting formula is valid for a wide range of Reynolds
numbers, 10−3 < Re < 105 (Brown & Lawyer 2003), which
covers most of the drag regimes. In particular, Eq. 4 covers
the ram-pressure and Stokes regimes (Weidenschilling 1977).
In the ram-pressure regime, Re  1, CD ≈ 0.47, while in the
Stokes regime, Re < 1, CD → 24/Re. In the intermediate
regime, where 1 < Re < 800, CD ∝ Re−3/5.
Figure 1 shows the Stokes and Reynolds number are
an increasing function of the size of the object. Stokes and
Reynolds numbers correspond to the coupling to the gas in
the disc, which becomes weaker for larger objects.
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Figure 1. Stokes and Reynolds numbers dependence on the ra-
dius of the object. Note the different y axis.
2.2 Aeolian-erosion Threshold and Timescales
The balance between drag-force, cohesion and self-gravity
dictates a lower velocity-threshold from which the drag-force
can resist the self-gravity and cohesion and discharge par-
ticles from the surface of objects. For small objects, where
self-gravity is negligible, only the effect of the cohesion of
the object should be compared with the drag-force. A full
derivation of the threshold is described in Shao & Lu (2000).
The threshold velocity in the limit of small objects is then
v? ≈
√
AN
γ
ρgd
= 2600
(
ρg
3 × 10−9 g cm−3
)−1/2 ( d
0.1 cm
)−1/2 cm
sec
(5)
where AN = 1.23×10−2, and γ = 0.165 g s−2 are determined
empirically from Shao & Lu (2000), and the gas-density in
normalized at 1 au. AN is a function of the Reynolds number,
and includes the friction force, which is significantly lower
than the cohesion force and scales as d/R (Zimon 1982).
The size d can range from micron sized dust to larger
grains of ∼ 1mm. Radio and infra-red observations on proto-
planetary discs show abundance of mm-sized grains with a
typical power-law size distribution (Andrews 2009, 2015).
Moreover, the wind-tunnel experiments of dust aeolian-
erosion that we compared our results to were performed for
grains of size of 0.5 mm. We therefore choose a canonical
size of d = 0.1 cm = 1 mm, although the results are generic
and explored for a range of grain sizes (Figures 2, 7).
The threshold-velocity sets a regime of typical veloci-
ties in which objects in protoplanetary-discs could be signif-
icantly affected by aeolian-erosion. Note that the threshold
strongly depends on the gas density and the typical size of
the swept particles.
The general expression for the threshold velocity con-
tains a self-gravity term as well (Shao & Lu 2000)
v? =
√
AN
(
σpgd +
γ
ρgd
)
, (6)
where σp = ρp/ρg and the gravitational acceleration is
g = Gm/R2. The contribution from self-gravity becomes com-
parable to the contribution from cohesion just for objects
with sized R & 50 km.
γ/(ρgd)
σpgd
=
γ
ρpgd2
=
3γ
4piρ2pRGd2
≈ 5 × 10
4
Rd2/cm3 , (7)
which means that for d = 0.1cm, the critical radius in which
the self-gravity becomes important is ∼ 5 × 106cm = 50km.
The question whether self-gravity can play a role and
keep a binary stable (even for extreme mass ratios of a
boulder and a dust grain) had been addressed in Perets &
Murray-Clay (2011). Their Figure 2 shows the regions where
a binary is stable against the shearing from the wind (i.e
wind-shearing radius - WISH). For small micron sized grains
they are tightly coupled to the gas, thus their WISH radius is
smaller that the physical radius of the boulder. Thus, once
liberated from the boulder, they are immediately sheared
apart. The white zones in Figure 2 of Perets & Murray-Clay
(2011) are where the WISH radius larger than the physical
boulder size, but smaller that the Hill radius (Grishin et al.
2017), where the Solar tide shears the binary apart. For 1 au,
only planetsimals above 1 km can have 0.1 cm bound dust
grains, while smaller boulders cannot retain the liberated
grains. The minimal size of the planetesimal will decrease to
∼ 1 km for larger dust sizes of 1 cm or for larger location of
∼ 5 au. Further than that, aeolian-erosion is ineffective and
we do not deal with larger distances and grains. To summa-
rize, only planetesimals of size & 1 km could keep the dust
grains bound to them, otherwise the grains are essentially
lost to the wind once they overcome the cohesion forces.
The velocity profile changes for different streamlines in
the flow. Far from the surface of the body, the velocity is
the free streaming velocity vrel, dictated by the size of the
object, (Eq. 2). Close to the surface, boundary layer effects
might change the relative velocity, which may even vanish
if the no-slip conditions is applied. Nevertheless, the flow
around the object is well approximated by a shear flow, and
erosion occurs when the shear stress overcomes the cohesion
forces. It is possible to define an effective friction velocity, u?
that measures the strength of the shear stress (e.g. Demirci,
et al. 2020). While the friction velocity is somewhat lower
than the free streaming velocity for large Reynolds numbers
(Greeley, et al. 1980), they are practically indistinguishable
for lower Reynolds numbers. Indeed, we follow Shao & Lu
(2000), where they use the friction velocity both for the ero-
sion threshold and for the typical relative velocity for the
drag forces.
Above the threshold velocity, the shear pressure induces
a mass loss in rate. The mass loss rate was derived in Bag-
nold (1941) for dust saltation or erosion on planetary bod-
ies. We modify the Bagnold (1941) and replace the rataining
force from self-gravity to cohesion. The heuristic derivation
is as follows:
Consider a wind of density ρg and velocity vrel blows
upon a body of size R. The cohesive acceleration that holds
the grains together is acoh (which is proportional to d−2).
Assuming that the relative velocity is larger than the thresh-
old velocity vth, the typical sweeping time for individual
grain is tsw ∼ vrel/acoh. The work done on the body is
W ∼ p · vreltswA where p = ρgv2rel/2 is the dynamic pres-
sure, A is the effective shear surface. The work is equal to
the energy loss ∆E ∼ −∆m · v2rel/2. Therefore, the net mass
change is ∆m ∼ −Aρg · v2rel/acoh. The effective shear surface
is only linearly proportional to the size R, since only a thin
MNRAS 000, 1–9 (2019)
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Figure 2. Left: Areas on the separation - Stokes number plane where erosion is effective. Transitional lines for dust size of 10, 100 µm,
0.1 and 0.5 cm are represented by the dotted green, dashed blue, solid black and dash-dot red, respectively. Areas to the right with large
a are where erosion is ineffective. Right: The characteristic timescales for the aeolian-erosion as a function of its initial radius. Each
line represents different starting separation. For smaller sizes the time is truncated by the separation-dependent limit where there is no
erosion, for dust size of 0.1cm. The dots correspond to timescales from numerical simulation.
layer of width vrel∆t is affected by the wind for small enough
time ∆t . tsw, thus A ∼ Rvrel∆t. In the limit of ∆t → 0, the
differential equation for the mass loss rate is then
dm
dt
= − ρg
acoh
v3relR ∝ −ρgρpv3reld2R (8)
or in terms of radius,
dR
dt
= −
ρgv
3
rel
4piRρpacoh
. (9)
Here, md is the mass of the released grain of size d,
where we assume that the densities of both the grain and
the entire eroding body are the same. Unless stated other-
wise, we consider the aeolian-erosion of cobbles and boul-
ders with ρp = 3.45 g/cm3, that correspond to rocky ob-
jects as described in Pollack et al. (1996) . Shao & Lu
(2000) note that the cohesion force is linearly proportional
to the grain size, Fcoh = mdacoh = βd. The numerical
value of β is uncertain. Shao & Lu (2000) have investigated
the strength of the cohesive acceleration in wind tunnel
experiments. They relied on early experiments of Phillips
(1980) for powder particles with relatively weak cohesion
and β ≈ 10−2 g s−2 (10−5 N m−1). On the other hand,
Paraskov et al. (2006) refers to stronger cohesion, which was
measured by atomic force microscopy by Heim et al. (1999)
where the force to separate ∼ µ sized grains was around
10−7 N which leads to β ≈ 102 g s−2 (10−1 N m−1). We
continue the expected linear scaling and adopt the value
of stronger β = 102 g s−2 here. Here we only consider ob-
jects which composition behaves like loose soil. Objects of
more complex compositions, such as, e.g., ice-coated objects,
might behave chemically/physically different, and not allow
for wind-driven erosion.
Given the strong dependence of the aeolian-erosion rate
on the relative-velocity, the density profile of the disc, the ap-
propriate (size dependent) Stokes and Reynolds numbers as
well as η play a significant role in modeling aeolian-erosion.
The peak of relative-velocity is ∼ ηvk , and henceforth even a
small difference in η can introduce significant changes in the
aeolian-erosion rate. The aeolian-erosion dependence can be
non-trivial, due to the mutual dependence of the relative ve-
locity and the Stokes number (see Appendix A for further
details).
The timescale for the aeolian-erosion of an object to half
its size can be approximated by
tero =
R
| ÛR| =
4piR2ρpacoh
ρgv
3
rel
(10)
The relative velocities and gas density depend on
the model of the gaseous disc. Our disc models follow
those used in our previous papers (Perets & Murray-
Clay 2011; Grishin & Perets 2015) where the gas density
surface profile is the minimal-mass-solar-nebula (MMSN),
Σg = 2 · 103(a/AU)−3/2 g cm−2. The aspect ratio is h/a =
0.022(a/AU)2/7. The relation of the surface densit and the as-
pect ratio lead to the gas density of ρg ≈ 3 ·10−9(a/AU)−16/7.
The gas-pressure support parameter is η ≈ 2 · 10−3(a/AU)4/7
and the temperature profile is T = 120(a/AU)−3/7.
Given our disc model, for a metre-sized object, this
timescale is about 1yr. Note that this expression is a crude
estimate for the timescale, as it doesn’t take into account
the dynamics of the problem.
The left panel of Figure 2 shows the area in on the
a − St plane where the relative velocity is larger than the
threshold velocity, and erosion can take plane. More distant
objects have higher threshold velocity due to the lower local
gas density, hence the erosion is mostly effective in the in-
ner disc; moreover, beyond the ice line the behavior of the
cohesion law might change, in our scope we assume that the
only change is the density of the object. Smaller dust grains
also increase the threshold velocity. The maximal separa-
tion where erosion is allowed occurs when the relative veloc-
ity is maximal, which occurs at St =
√
2. For typical size of
d = 0.1 cm the erosion takes place only within the snow line,
a . 2.7 au.
In the right panel of Figure 2, we show the characteristic
timescales determined by Equation (10). At a fixed distance
from the centre of 1 AU, aeolian-erosion is most effective
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Figure 3. The evolution of the size of objects embedded in the protoplanetary-disc due to aeolian-erosion. Left: Dependence of the
evolution on the initial radii of the bodies at a fixed distance of a = 1 AU from the star. Right: Dependence of the evolution at different
distances from the star for objects with a fixed initial radius of 102 cm.
around ∼ 102 cm, and for these sizes, embedded objects can
be eroded down to half their size in ∼ 10−8 Myr. More gener-
ally, objects in the size range of ∼ 1 − 104 cm can be eroded
down to half their initial radii over a typical lifetime of a
protoplanetary-disc or less. Note that here we present just a
rough estimate for the timescales; a more detailed discussion
on these issues follows below.
2.3 Dynamical Evolution
In order to study the evolution of objects under the influence
of aeolian-erosion, we integrate Equation (9) numerically us-
ing a Runge-Kutta integrator. We use our disc model and
dust size of d = 0.1 cm, unless stated otherwise. Figure 3
presents the time evolution of objects with various initial
radii and distances from the star.
For a fixed distance of a = 1 AU, objects of sizes ∼
1 − 104cm on circular orbits are eroded significantly down
to a size of ∼ 15 cm. Aeolian-erosion of larger objects takes
more time, objects of 103cm will be eroded in ∼ 1yr. We find
that bodies with initial metre-size are eroded significantly
up to . 2.7 AU from the star, during the typical lifetimes of
gaseous protoplanetary disks.
As can be seen in Figure 3, given sufficient time, the
embedded bodies are eventually eroded to a typical final
size, at which point the bodies couldn’t be eroded because
their relative-velocity is smaller than the threshold veloc-
ity for erosion (see Fig. 2). Note that objects on eccentric
orbits could experience higher headwind velocities even at
these small sizes, and therefore dynamical excitation of plan-
etesimals could strengthen the effects of protoplanetary-disk
erosion.
The self-gravity sets an upper limit for the erosion of
objects in protoplanetary-discs. As can be seen from 4, ob-
jects of size & 104cm don’t erode efficiently during the disc
lifetime.
3 EFFECTS OF RADIAL-DRIFT AND
TURBULENCE
Other physical processes occur in the young protoplanetary
disc and potentially couple to the effects of the aeolian-
Figure 4. The evolution of the size of objects embedded in the
protoplanetary-disc due to aeolian-erosion including self-gravity.
The dependence of the evolution on the initial radii of the bodies
at a fixed distance of a = 1 AU from the star. Solid lines don’t
take into account self-gravity, and dashed lines do.
erosion, in particular turbulence and radial-drift. In the fol-
lowing we discuss some of these aspects.
Radial-drift due to gas drag is thought to be one of the
most dominant processes in the disc. It could potentially
lead to inspiral of the cobbles, boulders and planetesimals
towards the star and their possible destruction over short
tiemscales of about 103 − 104 years.
In a steady state, the equations of motion in the pres-
ence of gas drag can be solved self-consistently (e.g. Perets
& Murray-Clay (2011)). The radial-drift is given by steady-
state solution of the radial velocity:
da
dt
= −vr = − 2ηvkSt
1 + St2
, (11)
where vr is the radial component of the relative-velocity.
Fast radial-drift, which peaks at St ≈ 1 (decimetre to
metre-size objects for distances of 1 AU), can in principle
enhance the aeolian-erosion.
Prima facie, inspiral in the disc transfers objects to the
inner regions of the disc, where the radial gas density in-
creases and the aeolian-erosion is more effective. However,
the timescales of aeolian-erosion are shorter/comparable to
these of radial-drift.
In order to study the importance of turbulent veloci-
ties for aeolian-erosion, we parametrize the strength of tur-
bulence in the disc using the standard Shakura-Sunyaev
MNRAS 000, 1–9 (2019)
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Figure 5. Effects of radial-drift and turbulence. Solid lines are
the same as in Fig. 3. Dotted-dashed lines represent the evolution
including radial-drift, which is indistinguishable from the solid
lines. Dashed line represent the evolution including turbulent ve-
locities.
α prescription describing the effective kinematic viscosity,
here taken to be α = 0.01 and constant during the evolu-
tion. The effective kinematic viscosity of the turbulent gas
is then given by Shakura & Sunyaev (1973), ν = αcsHg,
where Hg = a(cs/vk ) is the scale height of the gas. The
turbulent velocity of the largest scale eddies is vt =
√
αcs.
The turbulence adds a nonzero root-mean-square velocity,
i.e. 〈δv2〉 = 〈δv2rel〉+ 〈v2turb〉. Ormel & Cuzzi (2007) derived an
analytical expression for the relative-velocity between par-
ticle and gas in turbulence; although this derivation, which
is rooted in the work of Cuzzi & Hogan (2003) uses the as-
sumption of St  1, it turns out to work over a wider range
of Stokes numbers, and gives
v2p,t = v
2
t
(
St2(1 − Ret−1/2)
(St + 1)(St + Ret−1/2)
)
, (12)
Ret = 4.07 × 1010α
( a
AU
)−1
, (13)
where vp,t is the magnitude of the relative turbulent ve-
locity between the particle and the gas. Ret is the turbulent
Reynolds number, defined as Ret = αcsHg/(vthλ). The tur-
bulent Reynolds number characterize the interaction of the
object with the turbulence and sets an eddie scale.
Figure 5 shows the dynamical evolution due to addi-
tional effects of radial-drift and turbulence. The solid lines
are essentially the same as in Fig. 3. The dotted dashed lines
are with radial-drift, and are indistinguishable from the solid
lines. The timescales for the radial drift are much longer
than the dynamical timescales that occurs in the aeolian-
erosion process. Thus, radial-drift is not important for the
aeloian-erosion in these regimes; its only effect is below the
characteristic final size of the object. The addition of turbu-
lent velocities increases the relative velocities involved and
strengthens the aeolian-erosion. The dot-dashed lines show
the evolution of the eroding bodies with turbulent velocities
included. The erosion is faster due to the higher velocities
involved, and also stops at lower size of the eroding body.
Figure 6 shows the evolution of a 1 m particle with tur-
bulent velocities for different values of α. Larger values of α
increase the erosion rate and also result in lower final size.
Weak turbulence levels of α . 10−3 at a = 1 au do not change
Figure 6. The dependence of aeolian-erosion on turbulent veloc-
ities, for metre-size objects at a fixed a of 1AU distance from the
star. We added an artificial lower-cutoff at a radius of 1 cm.
Figure 7. The dependence of the evolution of object of initial
metre-size in a constant distance from the centre of 1au on the
size of swept grains.
the evolution, and the erosion is dominated by the laminar
velocities. Since vt ∝ csHg ∝ a3/2, at larger separations weak
turbulence could be more effective.
4 DISCUSSION
4.1 Dependence on dust, boulders and disc
properties
The aeolian-erosion rate sensitively depends on the size d
of the dust grains undergoing suspension. Larger grain size
leads to lower threshold velocity, since the cohesive accelera-
tion scales as d−2. These trends are depicted in Fig. 7 where
smaller grains indeed lead to larger final size and slower
evolution, and vice versa. For small enough size of grains,
erosion won’t take place due to the strong cohesion acceler-
ation. An important caveat is that for large grains (larger
than few centimetres), the cohesion force isn’t the only force
that hold the grains together – Van der Waals is a micro-
scopic force – and henceforth they are out of the scope of
our paper.
We used the composition of Rocky material with density
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ρp = 3.45 g cm−3 (Pollack et al. 1996) throughtout. Com-
positions may vary from mostly ice with ρp = 1.4 g cm−3
(Krijt et al. 2015, and lesser densities for porous ice) up to
purely metallic composition with ρp = 7.8g cm−3 (Pinhas
et al. 2016). Since acoh ∝ ρp, the timescale actually does not
depend on the density. However, particles with larger den-
sity will be less coupled to the gas, therefore denser objects
will by eroded to lower size, and vice versa.
We’ve presented the aeolian-erosion barrier under a cer-
tain protoplanetary disc model. In reality, there is large
spread and uncertainty in the properties of the observed
discs Chiang & Laughlin (2013); Raymond & Cossou (2014).
Here we briefly discuss how varying the disc parameters af-
fect the evolution. Changing the gas density at 1 au will
have similar effect as the dust grain size for the threshold
velocity, with smaller density leads to slower evolution and
larger final size. Similar behaviour is expected for varying
the gas pressure gradient η, since it affects the relative ve-
locity. Changing the disc temperature changes the sound
speed and the scale-height, therefore changing the relative
velocity and the final size. Lower temperatures will result
in smaller final sizes. All of the varied parameters affect the
evolution only by a factor of a few and to not change much
the overall dynamics.
We have considered the effects of aeolian-erosion on cir-
cular orbits. Even a small eccentricity, e > cs/vk ≈ 0.022
could lead to large, supersonic relative velocities, which in
turn makes aeolian-erosion much more efficient, giving rise to
effective erosion of even small bodies, which would otherwise
not be susceptible to erosion due to their strong coupling to
the gas. For large enough velocities, the pressure can cause
significant heating of the outer layers and lead to thermal
ablation of the object D’Angelo & Podolak (2015). Although
aeolian-erosion is just a mechanical processes, it could be im-
portant also in cases where just ablation is considered until
now. Nevertheless, gas drag rapidly circularize any eccen-
tricity. The erosion/ablation timescale could be shorter if
the typical sizes are small enough. Studying the coupled ef-
fects of erosion/ablation and circulatization is beyond the
scope of this paper.
One possibility for long-term eccentric evolution might
the case where some process keeps the bodies eccentric for
a long amount of time (e.g. resonances, circumbinary discs
and/or external perturbations), the subsequent aeolian-
erosion in such cases could be much more efficient. The rela-
tive velocity could also be altered if binary planetesimals are
present (Perets 2011; Grishin & Perets 2016). Finally, similar
processes of planetesimal aeolian-erosion could be important
for planetesimals in scaled-down discs, such as circumplan-
etary discs (Fujita et al. 2013) or discs around white dwarfs
(Grishin & Veras 2019).
4.2 Caveats and comparison to experiments
Paraskov et al. (2006) studied the aeolian-erosion of dust ag-
gregates in wind tunnel experiments. They used dust piles,
cuboids and hemispheres. The erosion rate measurement
were only possible for cuboids. For 10 cm cuboids at rel-
ative velocity of 63 m s−1 it is Ûm ∼ 10−1 g hr−1. The erosion
timescale can thus be estimated as m/ Ûm ∼ 40 hr = 4.5·10−3 yr.
The ∝ R2 scaling of the erosion time (or the linear ∝ R scaling
of the erosion rate) leads to erosion rate estimate of ∼ 0.4 yr,
which is comparable to our numerical erosion rate of ∼ 0.1 yr
for 1 m boulder.
Our aeolian-erosion model excludes chemically compli-
cated objects such as ice-coated objects. We assume that
erosion acts just on outer shells of objects, where we can
assume that the chemical interactions are controlled mainly
by cohesion forces that behave like loose soil. More complex
erosion models are required, but they are beyond the scope
of this study.
Given our current data, our results aren’t completely
comparable to the experiments, since there many uncertain-
ties and uncontrolled conditions. The ambient temperature
and composition of the gas flow is different. The targets
themselves are dust piles, and the erosion rate of spheri-
cal piles is not determined, since they start cracking and
break apart due to the shear pressure in the experiment. The
strength of the cohesive forces in our model is a wide extrap-
olation of the values obtained for µ-sized dust piles and are
uncertain. Spherical configurations may have stronger cohe-
sive forces. On the other hand, the impact velocities of the
streamlines that hit the eroding dust grain could be lower
depending on geometry, so the empirical rates could be also
a lower estimate. Nevertheless, the empirical and our mod-
elled erosion rates are relatively comparable, given the vast
uncertainty involved. Future experiments could determine
the validity of our model more precisely, in particular the
scaling of the erosion rate with the relative velocity, target
size and ambient density.
The erosion is less efficient for smaller dust grains. If the
dust grains are on µ-sized, the threshold velocity is too large
so that the erosion will be quenched. On the other hand, the
larger grains could be eroded easier and faster. In the limit
of a rubble pile ∼ 100 m body consists of ∼ 10 cm cobbles,
erosion should be efficient and expend to larger disc sepa-
rations. However, the forces that bind together cobbles and
boulders are probably stronger than purely cohesive forces,
and the extrapolation of the linear force dependence on the
grain size from measurements of µ-sized grains to 10 cm cob-
bles is not entirely justified. We therefore caution to draw
conclusions on the erosion of a larger body onto ∼ 10 cm cob-
bles. The binding forces of the cobbles and boulders should
be studies in more detail in the future.
Large objects that are composed of compactified large
rocks cobbles and boulders (tens of centimetres or large)
are safe from aeolian-erosion in the short time, since the
forces that hold them are not only mainly Van der-Waals
forces. However, with time the small dust particles filling
will erode and the overall large body body can still erode
and the components fragmented away.
Finally, some of the parameter space in Fig. 2 may be in-
accessible, since each grain size d imposes a minimal Stokes
number, which varies with the disc location. For a fixed grain
size, the Stokes number is proportional to St ∝ Σ−1g ∝ a3/2,
thus for larger separations smaller grains will have larger
Stokes numbers. The erosion will stop once the larger body
is eroded into its fundamental grains.
4.3 Relation to other growth mechanisms
Aeolian-erosion operates even under conditions a priori more
favorable to planetesimal growth such as migration-traps,
MNRAS 000, 1–9 (2019)
8 Rozner et al.
if the disc is turbulent. Aeolian-erosion significantly affects
the evolution of small bodies and their size distribution and
therefore has important implications for the evolution of
protoplanetary-discs and their constituent dust-aggregates,
cobbles, boulders and planetesimals.
Another aspect of aeolian-erosion in discs is its contribu-
tion to growth via pebble-accretion. Observations show that
mm-cm sized particles are present throughout most of pro-
toplanetary disc’s lifetime, including transitional discs with
gaps carved by growing protoplanets (Lommen, et al. 2009;
Banzatti et al. 2011; Jin et al. 2019). Planetesimals and pro-
toplanets must therefore co-exist. The gas-pebble coupling
in the presence of a planetary core changes the trajectories
of the pebbles and leads to accretion with the core. This
pebble-accretion scenario is efficient for optimal size of the
pebble reservoir Grishin et al. (2020). In terms of the Stokes
number, bodies with 10−2 . St . 1 are efficiently deflected
and accreted onto the core (see e.g. Fig. 7 of Lambrechts
& Johansen 2012). Numerical simulations of particles up to
10 m size show that the accretion rate is stronger for the
larger bodies in the presence of very massive cores (> 1M⊕),
which alter the trajectories of the gas itself (Morbidelli &
Nesvorny 2012). The destruction of 10 m bodies could there-
fore damage the efficiency of pebble accretion in this case.
However, we focus on the first stages of pebble accretion in
the presence of smaller cores of sizes below . 1025 g, such
that gaseous streamlines will remain intact. Otherwise, dif-
ferent relative velocities should be considered, and not the
ones involved in generating Fig. 2 left.
As discussed above, aeolian-erosion leads to the ero-
sion of planetesimals into a typical cobble-size range, which
are then relatively unaffected by aeolian-erosion. Henceforth,
aeolian-erosion can assist in the growth of planetary embryos
at later stages through the provision of small similar-size
cobbles, which can be more efficiently accreted on existing
embryos through pebble-accretion.
A possible extension of our study would be to consider
different initial shapes of objects and the effect of aeolian-
erosion on them – it might structure them into more aero-
dynamic shapes. Aeolian-erosion might then potentially ex-
plain the unique elongated shape of the interstellar object
such as ’Oumuamua (1I/2017 U1) (Meech et al. 2017). An-
other direction is to study in details the erosion process of
larger objects/larger grains and more complicated shapes of
grains and the forces between them, e.g. geometric ways to
hold grains together (Goldreich & Sari 2009). Finally, the
different size distribution of objects in the disk produced by
the erosion process driving them to similar sizes could be
important for processes such as streaming-instability, which
depend on the size distribution (Krapp et al. 2019).
5 SUMMARY
In this paper we presented an analytic model for aeolian-
erosion of cobbles, boulders and planetesimals in proto-
planetary discs. The timescales for erosion are fast and
roughly comparable to laboratory experiments (Paraskov
et al. 2006). The aeolian-erosion is robust and is effective
for a wide range of disc structures, dust and planetesimal
properties and turbulence levels. Only small dust grain be-
low 10−2 cm are generally safe against aeolian-erosion, while
larger portions of the disc are susceptible to aeolian-erosion
for larger grain sizes.
The aeolian-erosion is essentially a barrier to planetesi-
mal formation, even at sizes of ∼ 100 m. This favours direct
gravitational collapse and disfavors coagulation models. On
the other hand, the grinding down of larger objects onto
dust with typical sizes could be beneficial for planet forma-
tion. Small dust grains, cobbles and boulders of a preferable
size are vital for pebble-accretion and streaming instability,
while other grain sizes prevent growth. The recycled grains
can participate in subsequent growth processes, pending on
their size and location on the disc.
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APPENDIX A: DISC PARAMETERS
In the following we consider the dependence of aeolian-
erosion efficiency on the properties of the protoplanetary-
disc. In Figure A1, we present theses dependencies. In table
A1 we present the parameters we used through the paper.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure A1. Time evolution of metre-size objects at a fixed distance of 1AU from the star. Figure (a) shows the dependence on temperature
in units of K . Figure (b) shows the dependence on the overall central density in units of g/cm3. Figure (c) shows the dependence on the
gas-pressure support parametres.
Symbol Definition Expression Reference
γ 0.165g/sec2 Kruss et al. (2019)
AN 1.23 × 10−2 Shao & Lu (2000)
β 102g s−1 scaled from Paraskov et al. (2006) and references therein
ρg radial gas density 3 × 10−9
( a
AU
)−16/7 g
cm3
Perets & Murray-Clay (2011)
ρp planetesimals’ density 3.45 gcm3 Pollack et al. (1996)
η gas-pressure support parametre 2 × 10−3 ( aAU )4/7
St Stokes number Ωtstop Perets & Murray-Clay (2011); Armitage (2010)
Re Reynolds number
4Rvrel
vthλ
Perets & Murray-Clay (2011)
vth thermal velocity
√
8
pi cs Perets & Murray-Clay (2011)
cs speed of sound
√
kBT
µ Perets & Murray-Clay (2011)
µ mean molecular weight 3.93 × 10−24g Rosenthal et al. (2018)
λ mean-free path 1ngσ Perets & Murray-Clay (2011)
ng gas number density
ρg
µ Perets & Murray-Clay (2011)
σ neutral collision cross-section 10−15cm Perets & Murray-Clay (2011)
T temperature 120
( a
AU
)−3/7
K Perets & Murray-Clay (2011)
α Shakura-Sunyaev constant 10−2 Rosenthal et al. (2018)
Table A1. Supplementary parametres
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